Tangentially magnetized trigonal arrays of sub-micron Permalloy discs are characterized with ferromagnetic resonance to determine the possible contributions to frequency and linewidth from array disorder. Each array is fabricated by a water-surface self-assembly lithographic technique, and consists of a large trigonal array of 700 nm diameter magnetic discs. Each array is characterized by a different degree of ordering. Two modes are present in the ferromagnetic resonance spectra: a large amplitude, 'fundamental' mode and a lower amplitude mode at higher field. Angular dependence of the resonance field in a very well ordered array is found to be negligible for both modes. The relationship between resonance frequency and applied magnetic field is found to be uncorrelated with array disorder. Linewidth is found to increase with increasing array disorder.
I. INTRODUCTION
There is currently an intense interest in the magnetic properties of nanoscale and sub-micron discs of low aspect ratio. Such discs have potential applications in data storage, [1] [2] [3] [4] [5] spintronics, 6, 7 and medicine, 8, 9 and are otherwise viewed as simple model systems by which the properties of more exotic nanostructures can be understood. In many fundamental studies and in data storage and spintronics applications in particular, the dynamic magnetic properties of the disc structures are particularly important. Where arrays of discs are densely packed, dipole coupling between discs can have a significant impact on dynamic behaviour. There have been a variety of experimental and theoretical studies of the dynamic magnetic properties of arrays of dipole-coupled magnetic discs, with recent publications concerning resonance frequency position with respect to applied magnetic field, 10-13 mode structure in the vortex state, 14, 15 and mode structure for in-plane 12, [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] and out-of-plane 11, 26, 27 applied magnetic fields. Recognition of the importance of spin-wave damping for many applications has led to a number of studies into ferromagnetic resonance (FMR) linewidth broadening in such systems, [28] [29] [30] and recently in a study of microwave-assisted switching of magnetic array nanoelements. 31 To date, however, an experimental study of the effects of array packing on damping of spin wave modes observable with FMR has been lacking.
One approach to such a study is to measure FMR linewidth damping in arrays that were patterned by a 'top-down' method like Focussed Ion Beam lithography in such a way that they had identical disc geometries but varied pitch (inter-disc spacing). Such fabrication techniques are time-intensive and therefore often only suita) Electronic mail: rossn2282@gmail.com b) Electronic mail: kostylev@cyllene.uwa.edu.au able for the production of small arrays (< 1 mm
2 ). The FMR responses of small arrays are correspondingly small. Such small signals are often beyond the sensitivity of conventional FMR techniques, so that the previous experimental studies of damping in arrays of nano-discs utilized time-resolved Kerr microscopy 28, 30 and 'meanderline' FMR 29 for the detection of spin wave modes . In this study, nanosphere lithography has been used to facilitate the production of large-area arrays, thus allowing measuring using conventional Vector Network Analyzer FMR (VNA-FMR).
'Nanosphere lithography' refers broadly to techniques in which the tendency of colloidal particles of sub-micron or nanoscale size to self-assemble on hydrophilic surfaces is exploited to produce a lithographic mask; the relevant literature is replete with various examples of such techniques. [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] The most pronounced limitation of such techniques is the difficulty of achieving long-range ordering in the colloidal mask.
In this study, this tendency towards partial disorder was used to fabricate a series of array samples with varied degrees of array ordering. A nanosphere lithographic technique involving assembly of colloidal particles into a monolayer on a water surface 41 was used to produce arrays of sub-micron magnetic discs with deliberately varied degrees of array order but the same local disc-to-disc spacing and disc geometry. The FMR mode structures and linewidths of this series of array samples were measured by VNA-FMR.
II. EXPERIMENT
Four sub-micron magnetic disc array samples with different degrees of ordering were fabricated by a technique derived from that of Weekes et al. 41 Three continuous Ni 81 Fe 19 (Permalloy) films, thickness L = 27 ± 3 nm, were radio-frequency magnetron sputtered on silicon substrates with 40 nm Ta seed layers: these films are de-noted f1, f2, and f3 in this study. Sputtered thickness was verified by the measurement of step edges of independently sputtered films using white-light optical profilometry. Each of these films was placed on a raised platform in a narrow bath filled with 18 M Ω · cm water, so that the Permalloy face of the film was under the water surface but as close to it as possible. Sodium Dodecyl Sulphate (SDS) was added to this bath to a concentration of 150 µg L −1 : it has been demonstrated in the literature that SDS can aid the assembly of reagent microspheres on a water surface. 42, 43 780 nm diameter carboxylate-terminated polystyrene reagent microspheres obtained from Duke Scientific were mixed with reagent-grade ethanol into a 1:2 microsphere solution : ethanol mixture by volume. This mixture was introduced to the water surface via a hydrophilic glass slide previously cleaned in SDS. Teflon sliders placed laterally across the water bath were used to gently agitate the water surface, aiding in the self-assembly of well ordered trigonal monolayers of microspheres. These sliders were used to position the monolayers above the film, and the water drained quickly from the bath in order to transfer the monolayer to the film surface. Varying the degrees of agitation and of monolayer compression during the transfer stage allowed control over the degree of ordering of the resulting lithographic mask. The assembly of the lithographic mask on the water surface is depicted diagrammatically in Figure 1 . Once masked with the trigonal array of microspheres, several 5 × 8 mm 2 sections were cut from each of the parent films f1, f2, and f3: one such section from each parent film was left masked but was not patterned; the other sections were patterned. In this study, un-patterned sections of the parent film are denoted f1c, f2c, and f3c. Four films with different degrees of mask ordering were patterned: in this study they are denoted f1a, f2a, f3a, and f3b to make clear the identity of the film from which each was patterned. Each film was patterned by placing it in the target position of a radio-frequency sputtering chamber which was evacuated to a base pressure of 1.0×10 −6 Torr. Samples were reactively ion etched in an oxygen atmosphere of 100 mTorr at a power density of 0.5 W cm −2 in order to reduce the diameter of the mask units. Following etching, each sample was argon milled at a pressure of 25 mTorr and power density of 4.25 W cm −2 to remove Permalloy not masked by microsphere material. Characterization of disc geometry was achieved with tapping-mode Atomic Force Microscopy (AFM): an example AFM image is shown in Figure 2 . With the scan parameters used, the AFM could be used to resolve structures down to 20 nm. The high structures in the centre of the discs in the AFM image are the remains of polystyrene caps. The discs in all of the arrays have very smooth edges and the local order is very good. Values for average diameters were extracted by taking cross-sections of rows of dots from several such images from each sample.
Static magnetic properties of the array samples were measured using a SQuID magnetometer. Hysteresis loops were recorded at T = 295 K. Each sample displayed the double 'closed loop' characteristic of vortex nucleation, movement, and annihilation in sub-micron magnetic discs. Shown in Figure 3 sponding to sample f3b, the same sample shown in the AFM image in Figure 2 . Hysteresis loops of the other samples displayed the same characteristics. Array regularity of each patterned sample was measured using Scanning Electron Microscopy (SEM). Four evenly spaced 3600× magnification images were taken from each 1 mm section of the centre line of the long axis of the film. Each of these sets of four images were stitched together to make a composite image, and the 2-dimensional Fourier transform of each composite calculated. An example of such a single SEM image with the Fourier transform of the composite image from a different section inset is shown in Figure 4 . The length of each sample was L = 8 mm. The Fourier transform from each 1 mm section of the sample was used to measure ∆φ i , the variation of lattice angle over that one millimeter. The eight separate ∆φ i values were averaged to yield φ ′ , the average variation in lattice angle per unit millimeter of the film:
′ was used to characterize the array ordering of each patterned sample.
Each of the continuous and patterned films was characterized using microstrip-waveguide VNA-FMR. The sample was placed face-down on an 8 milli-inch copper microstrip waveguide in an in-plane saturating magnetic field. A network analyzer provided microwave excitation to the waveguide and measurement of transmission parameter S 21 . Negligible reflections allowed S 11 to be ignored. 44 In contrast to how VNA-FMR is typically performed, the excitation frequency f was fixed and the applied magnetic field H varied, in analogy to a cavity FMR measurement. The measurements were performed at 1 GHz intervals in the domain 7-20 GHz. A typical spectrum is shown in Figure 5 . Two modes can be resolved: a large amplitude mode, and a smaller amplitude mode at higher field (lower frequency). Resonance fields H res
FIG. 4. An example SEM image with inset 2-D Fourier trans-
form of a montage of 4 evenly spaced images taken over a one millimeter section of the sample: these particular images are also of sample f3b. Note that the SEM image shown was not among the images used to produce the composite FFT. Images similar to the inset from each 1 mm section of the sample were used to calculate the average variation in lattice angle per unit length, φ ′ , for each sample.
and linewidths ∆H were extracted from these measurements by least-squares fitting Lorentzian curves to the troughs in S 21 , using at least twenty-five data points on each side of the minimum. f vs H res data for continuous samples f1-3c was fitted with the Kittel equation 45 with demagnetizing factors N x = N z = 0, N y = 4π:
and saturation magnetizations 4πM S extracted. Cavity FMR measurements were performed to verify the observed mode structure. After characterization of all samples, sample f3b was cut to obtain a smaller sample (5 × 5 mm 2 ) with a much higher degree of ordering. This sample, denoted f3b*, was then characterized in the same way as the other four samples. Additionally, FMR spectra were recorded for this sample at an excitation frequency of 10 GHz for various relative angles φ between the static applied magnetic field and the lattice vector defining the line between nearest neighbours. In addition to providing a more ordered sample, comparison of FMR results between f3b and f3b* allowed the possibility of parent filmor patterning-caused differences between array samples to be more reliably discounted. Plot of normalized intensity of transmission amplitude S21 vs applied magnetic field H for sample f2a at an excitation frequency of 16 GHz. In addition to the largeamplitude fundamental mode, there is a small mode at higher applied field.
III. RESULTS AND DISCUSSION
A. Film structure
The disc diameters as measured by AFM, array ordering values as measured by SEM, and parent film magnetization values as measured by VNA-FMR are presented in Table I . The variation in disc diameter is on the order of five percent, which is the manufacturer's quoted uncertainty on the size of the reagent microspheres used and therefore the best uniformity achievable by this fabrication technique: the disc sizes of all four samples were identical within the limits of experimental uncertainty. The narrowness of the 'waist' of the SQuID hysteresis loops of the samples (Figure 3) showed that there were very few uncompensated magnetic moments at remanence, likely indicating very little roughness to the disc boundaries.
Each of the five patterned samples was distinguished by a unique ordering parameter φ ′ , although there was some overlap between f3a and f2a at the limits of experimental uncertainty. Each of the three parent films' saturation magnetizations M S were slightly different. The linewidths of these films at a given frequency, ∆H were also different. For this reason, VNA-FMR data for the parent continuous films f3, f3, and f1 are included in the tables in this section. In Figure 8 
B. FMR mode structure
A similar mode to the high-field mode in Figure  5 has been calculated to exist for isolated discs of larger aspect ratio L/d that those fabricated for this study, using OOMMF 30 and linearized micromagnetic approaches. 23, 24 In these publications the mode is calculated to be located in the 'end' of the disc as defined by the direction external magnetic field. These two studies also report experimental measurements of these modes in closely packed disc systems. Such modes have also been measured elsewhere in systems of comparable disc dimensions to those fabicated for this study.
12,18 VNA-FMR lacks the kind of spatial resolution of techniques like magnetic resonance force microscopy, and in this study the possible confinement of the high-field mode to specific regions of the discs could not be investigated directly.
Several possibilities for the origin of the mode were ruled out experimentally. The possibility that the mode was caused by a non-uniform excitation field resulting from microwave screening by eddy currents in the sample 47 was ruled out by measurement of the mode structure by cavity FMR. In an FMR cavity, the excitation field is very uniform. Figure 6 shows the cavity FMR spectrum. The higher field mode is still present, indicating that it does not result from non-uniform microwave excitation. The amplitude of this mode as measured by VNA-FMR did not vary significantly between samples of different degrees of ordering. This ruled out the possibility of the high-field mode being the result of a collective excitation occurring at discontinuities or around vacancies in the array, which are more numerous in more disordered samples. Finally, the out-of-plane saturated FMR spectrum-not included here for brevity-showed up to five well resolved modes in the structure expected for cylindrical symmetry, 26 suggesting that the high-field mode was not the product of some repeated non-cylindrical element. Remaining possible explanations for the high-field mode are that it is an 'end' or 'edge' mode as in References 18, 24, and 30, or that it arises out of or is modified by some collective effect of the array itself. The relationship between the resonance field H res of both modes and the relative lattice-applied field angle φ was measured for sample f3b*. Neither mode showed any angular variation beyond the the 15 and 20 Oe scatter for the fundamental and high-field modes, respectively. This scatter was caused by a combination of small movements of the sample in the applied magnetic field when varying φ and uncertainty in the baseline of the Lorentzian fit used to extract the values of H res . This measurement restricts the angular variation of H res to be below these values of uncertainty. Additionally, the amplitudes of both modes were essentially independent of φ.
In previous studies by other authors on square arrays of sub-micron discs of similar diameter-to-pitch ratio, strong dependencies on the relative array-field angle φ of the resonance field have H res have been measured for both fundamental and high-field modes. 10, 18, 24 Given the higher symmetry of the trigonal system, and the large diameter of the discs with respect to the pitch, it is not entirely surprising that such strong dependence was not observed in the fundamental mode of the arrays fabricated for this study.
The f vs H res data for film f1a is shown in Figure 7 ; this data was representative of equivalent measurements of the other four samples. Resonances below 7 GHz were not recorded, so as to ensure that the resonance field was always high enough for the discs to be tangentially magnetically saturated. The data for each of the two modes for each sample was fit with Equation 1, under the assumption N z = N x , using N y − N z as a fit parameter. The results of this process are tabulated in Table  II . There was no clear variation with φ ′ in N y − N z for either mode across the samples.
Significant differences between the resonance frequencies of close-packed and well-isolated discs have been re- ported for square arrays in one other paper. 16 This effect was not observed in this study for the case where array ordering-rather than array pitch-was varied: there appears to be no correlation for this sample series between array order φ ′ and fitted demagnetizing parameter N y − N z .
C. FMR linewidth
The full-width half-maximum linewidth values ∆H extracted from Lorentzian fits to the FMR modes are shown in Figure 8 . Each plot shows the ∆H vs f data for the unpatterned parent film, and both the fundamental and high-field modes for the patterned films. The uncertainties in these linewidth values are not shown on the graphs for clarity: for the fundamental mode these uncertainties were on the order of ±2%, and for the high-field mode ±20%. In both cases the primary source was uncertainty in the baseline of the Lorentzian fit; the uncertainty was more severe for the high-field mode because its smaller amplitude and proximity to the fundamental mode made the value of the linewidth highly dependent on the num-ber of points on either side of the peak used in the fit. It is clear from examination that the linewidths of both the fundamental and high-field modes increase with increasing array disorder.
f3c -9.28 ± 0.16 0.25 ± 1.20 -f3b* 2.6 ± 0. 4 8.61 ± 0.16 8.24 ± 1.26 2.31 ± 3.10 f3b 6.0 ± 0.8 10.70 ± 0.18 1.02 ± 1.38 13.68 ± 3.33 f3a 9.4 ± 1.1 10.84 ± 0.19 3.54 ± 1.48 17.89 ± 3.41 f2c -7.79 ± 0.14 2.48 ± 1.06 -f2a 11.3 ± 1.7 11.00 ± 0.19 3.27 ± 1.50 32.21 ± 3.25 f1c -7.77 ± 0.14 2.85 ± 1.06 -f1a 19.9 ± 2.1 9.55 ± 0.21 19.90 ± 1.64 36.08 ± 3. 33   TABLE III. Table showing fit data for each sample to Equation 2 for the fundamental mode data, for the case where α is allowed to vary for patterned films and for the case when it is held to the value αcnts of the corresponding continuous film.
f3b* 2.6 ± 0.4 5.00 ± 1.14 14.74 ± 9.23 f3b 6.0 ± 0.8 6.21 ± 1.06 0.95 ± 8.21 f3a 9.4 ± 1.1 6.40 ± 1.11 −0.92 ± 8.36 f2a 11.3 ± 1.7 6.10 ± 1.12 2.80 ± 8.70 f1a 19.9 ± 2.1 8.45 ± 1.61 6.68 ± 12. 37   TABLE IV. Table showing fit data for each sample to Equation 2 for the high-field mode data. The large uncertainties of the fit parameters are the direct result of an estimated 20% error on high-field mode linewidth data.
In the context of studies of spin-wave mode broadening, Shaw et al. have pointed out the importance of separating the effects of intrinsic damping from inhomogeneous damping 30, 48 in the total linewidth ∆H, as defined by the equation:
Here f is the frequency of precession and γ the gyromagnetic ratio. α is the intrinsic damping parameter in the Landau-Lifshitz-Gilbert equation, 49, 50 and can be thought of as a 'viscous' damping of energy to the lattice.
51
∆H 0 is a term representing inhomogeneous broadening: an example of such a broadening might be the decay of uniform motion into spin waves having nonzero wavevectors, which might themselves decay to the lattice. 52 The ∆H vs f data represented in Figure 8 (a)-(d) were fit with equation 2. The extracted fit parameters α and ∆H 0 are given in Table III for the fundamental  modes and Table IV for the high-field modes.
Previous studies by other authors of FMR linewidth broadening in disc-geometry nanostructures 28, 30, 53 have produced some conflicting results as to whether patterning affects the value of the intrinsic damping parameter, α. In the study presented here, α values did appear to change outside the bounds of experimental uncertainty. For the fundamental mode as measured in this study, α was larger for the patterned samples than for their corresponding parent continuous films; the exception was the most ordered sample, for which α was slightly lower. Conversely, α for the high-field mode was lower than or within the range of experimental error of the corresponding value for the fundamental mode. Although the values of α for patterned films appeared to be different than for the corresponding parent films, there was no clear variation of α for either mode with the parameter φ ′ which distinguished the films.
It is difficult to interpret these α values because of the lack of a complete theoretical description in the literature of spin wave modes in closely packed and potentially dipole coupled tangentially magnetized disc arrays. This lack is a consequence of the difficulties caused by the absence of cylindrical symmetry in the plane of the discs, 17, 54 and complicated for this experimental system by the lack of perfect ordering. For these reasons, it is difficult to know that Equation 2 holds in this system. In particular, one can speculate that the inhomogenous broadening ∆H 0 may have a frequency-or fielddependence which varies with array ordering, in analogy to or even contributed to by the field dependence of extrinsic damping related to two-magnon scattering processes.
55 Such dependency might go some way to explaining the apparent differences in α between patterned and unpatterned films. If ∆H 0 is a function of field (or frequency), then the steeper gradients in ∆H seen in Figure 8 might not require the 'real' intrinsic damping parameter to differ between patterned and parent films.
Since the origin of these differing gradients was not clear, a second set of fits to Equation 2 was performed, with the slopes of the patterned film data set to be equal to those of the parent continuous films: α = α c . The difference ∆H 0, α − ∆H 0, c between this 'fixed intrinsic damping inhomogeneous broadening' value ∆H 0, α and the continuous film inhomogeneous broadening, ∆H 0, c , is equivalent to the average of the difference between linewidths ∆H of the patterned and unpatterned films over the range of frequencies measured. It is a convenient experimental index of the inhomogeneous broadening that takes into account possible changes to α in the frequency domain of interest, rather than a quantitative measure of the 'true' inhomogeneous broadening as defined by Equation 2. A plot of this difference of inhomogeneous broadening, ∆H 0, α − ∆H 0, c , vs ordering parameter φ ′ is shown in Figure 9 . The increase of inhomogeneous broadening with increasing array disorder can be clearly seen.
The difficulties encountered in fitting the ∆H 0 vs f data were even more pronounced for the high-field mode. Since this mode is unique to the patterned geometry, there was no analogue from the parent continuous films with which to compare data. Additionally, there was a high degree of experimental uncertainty in high-field mode ∆H values, which led to high uncertainties in α. This in turn produced ∆H 0 uncertainties that were comparable to or greater than the ∆H 0 values themselves. Despite these uncertainties, the data in Figure 8 suggest that the linewidth for this mode also increases with increasing φ ′ in the frequency range measured. Disc uniformity has been maintained as far as experimentally practicable, as shown by consistency of hysteretic measurements and AFM images. Differences in linewidth and saturation magnetization of parent films have been accounted for in the comparison between patterned films. The variation in broadening with changing array ordering suggests that the discs are dipole coupled together, and that the degree of coupling affects the FMR linewidth of both modes. That sample f3b* shows a more narrow linewidth than the patterned film f3b from which it was cut supports this conjecture. It might have been speculated that differently arranged array domains in the more disordered samples, interacting strongly internally but weakly with other domains, were producing different resonance fields due to angular dependence of H res .
However, the lack of angular dependence of H res in either mode in sample f3b* suggests that the broadening is not due to the sum of differing resonance fields of different array domains, but rather to some less local effect.
In the only previous study of the FMR characteristics of trigonal arrays fabricated by a self-assembly process, it was not clear whether the anomalously large linewidth recorded was due to the fabrication process, a distribution of disc parameters, or the quality of the parent continuous film. 11 The results of the present study indicate that there is no dramatic impact on linewidth due to patterning in such a process: even for the most disordered array, f1a, there was less than a factor-of-two broadening; for the case of near-perfect order represented by sample f3b*, there was essentially no broadening. The broad linewidth seen in Reference 11 is therefore likely to have been caused by a broad linewidth in the parent film rather than the patterning process itself. The narrowness of the 'waist' of the vortex hysteresis loops and high magnetization of the patterned films studied here are consistent with this conclusion. The utility of the water-surface self-assembly lithographic process for patterning disc arrays has thus been partially vindicated: 9 . Plot of ∆H0, α − ∆H0,c vs φ ′ for the fundamental mode data of patterned films f3b*, f3b, f3a, f2a, and f1a. The data plotted here corresponds to the appropriate data presented in tabular format in Table III. despite the reasonable criticisms that the self-assembly process does not preserve long range order, the impact of variations in that order on the FMR linewidth have been shown to be relatively minor.
IV. CONCLUSIONS
A series of arrays of sub-micron Permalloy discs was fabricated by a water-surface self-assembly lithographic process. The geometry, static magnetic behavior, and ordering of the disc arrays were measured. The arrays were characterized by vector network analyzer ferromagnetic resonance. Two modes were present in the ferromagnetic resonance spectra: a fundamental mode and a higher field, lower frequency mode. The variation of the resonance field with relative lattice-to-static field angle was shown to be negligible for both modes. The relationship between resonance frequency and resonance field was found to be uncorrelated to increasing array disorder. The linewidth vs frequency data for these arrays revealed that the self-assembly fabrication process did not dramatically increase the ferromagnetic resonance linewidth, clarifying questions from a previous study. The intrinsic damping parameter for the fundamental mode appeared to be higher for the patterned films than in the parent continuous films, but it was not clear whether this was a result of field-or frequency-dependencies of the inhomogeneous damping not accounted for in the fit. The linewidth of both the fundamental and high-field modes was found to increase with increasing array disorder.
